Surface texture is an important parameter which affects functions and performance of industrial components. Although stylus and optical techniques are commonly used for evaluating the surface topology, they are applicable only to accessible surfaces. In practice, the geometrical features measurement of inaccessible surfaces from back side is sometimes demanded, for example, in inspection of safety-critical parts such as inner surfaces of pipes. For evaluating such internal surfaces, ultrasonic technique is one of the most effective among others. However, little attention has been paid to the evaluation of inaccessible periodic surfaces so far. In this paper, an ultrasonic pulse-echo technique, namely, master curve technique is developed for evaluating the pitch and the height of periodic triangular surfaces which is inaccessible or hidden on the back side. It is found that 60º of incident angle is appropriate for the development of the master curve equation to compromise between the resolution of measurement and the measurable range of the height-to-pitch ratio. By using P-wave at 60º of incidence angle, the pitch of the surface profile is evaluated from the classical diffraction grating equation, and then the height is evaluated by the master curve equation built from numerical simulation. The validity of the proposed method was verified by both numerical simulation and experiment. It was confirmed that the pitch is accurately measured in most cases. The height was also evaluated with good accuracy when it is smaller than a half of the pitch.
Introduction
Periodically rough surfaces have received much interest in sophisticated technological applications, for example adhesive bond quality (Leduc et al., 2006) , collimation of sound (Christensen et al., 2007) , heat exchangers consisting of the tube bundles (Heckl and Mulholland, 1995) , NDE of non-planar surfaces (Kundu et al., 2006) , and inspection for machined part surfaces (Huynh and Fan, 1992) . In practice, the internal surface morphology and profile of mechanical components are important properties to ensure the products quality and functionality. For example, monitoring of inner surfaces for oil and gas pipelines and piping systems to prevent leakage due to corrosion is an important safety issue. In other manner, the integrity measurement of inner surface in hole-drilling or deep and narrow grooving operations should be carried out in order to ensure the desired quality of products. In addition, periodic profile claddings are often applied on thick plates and pipes in order to prevent corrosion in the nuclear power industry (Krasnova and Jansson, 2006) . Moreover, surface texture of internal periodic surfaces directly corresponds to the tribological properties of material surfaces and functional attributes of components (Whitehouse, 1997) . Hence, characterization of geometrical texture of internal periodic surfaces is important during the designs and the manufacturing process.
However, the access for inspection is not an easy task for internal surfaces or hidden surfaces on the back side. Stylus profiling (Oh et al., 1994) and optical techniques (Sherrington, 1988) are well known as the most popular measurement for surface integrity and quality evaluation but only suitable for accessible surfaces. These lead to a demand for Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej. development of a nondestructive technique suitable to characterize the back surface texture having periodic profile. On the other hand, ultrasound is generally accepted as a useful nondestructive characterization tool for surface integrity and quality determination of machined parts and process control (Coker and Shin, 1996; Dwyer-Joyce et al., 2001; Shin et al., 1995) , since it has several advanced capabilities over stylus and optical methods such as capability to transmit into a medium and reflect back from internal surfaces.
Let us review some works especially for evaluating the periodically rough surface parameters using ultrasonic techniques. The geometrical features of periodic surfaces can be immediately evaluated by using the corresponding diffracted modes of diffraction grating theory (Blessing et al., 1993) . The sharp discontinuities or valleys in the frequency spectra as in diffraction grating in optics (Wood, 1902) have been used to identify the periodic profile parameters as reported by Claeys et al. (1983) . Moreover, both of the diffraction effects, Wood anomalies and Scholte-Stoneley waves, generated on periodically corrugated surfaces wave are relevant for surface defects detection by ultrasonic NDE (DeBilly et al., 1980; Jungman et al., 1982; Loewen and Povov, 1997; Mampaert and Leroy, 1988) . In addition, the use of oblique incidence has been conducted in experimental and theoretical investigations, since the range of information obtained by normal incidence analysis often is limited (DeBilly et al., 1976; Mampaert et al., 1989) . Moreover, based on the mode conversion of an incident bulk wave on periodic grooves, an ultrasonic technique to detect surface parameters was developed (Fokkema, 1980 (Fokkema, , 1981 Jungman et al., 1988; Roberts et al., 1985) . Recently, Liu and Declercq (2013) developed an immersion ultrasonic imaging technique to characterize the lateral and vertical dimensions of 2D corrugated surface based on the amplitude and time-of-flight of reflected echoes by using small focused transducer in pulse-echo mode.
However, the ultrasonic techniques mentioned so far are applicable only for accessible surfaces. Relatively little attention has been paid so far to the problem of internal surface characterization by ultrasonic waves. De Billy and Quentin (1982) used a broadband pulse for subsequent backscattering spectroscopy analysis of reflected signals spectra to determine the periodicity of internal corrugated surfaces. In addition, an ultrasonic backscatter polar scan method to characterize 2D surface corrugation, which is hidden on the backside of a polycarbonate sample, was developed (Kersemans et al., 2014) . However, they are not easy to apply to practical inspections of internal periodic surfaces because these techniques require immersion in the water. Recently, to reconstruct the height correlation function of inaccessible random rough surfaces, Shi et al. (2016) developed an ultrasonic methodology based on Kirchhoff theory of diffuse elastic waves. However, the evaluations of periodic surface parameters were not considered. Therefore, different ultrasonic techniques than those should be developed for periodically rough surfaces, which is inaccessible or hidden on the back side, without water immersion configuration.
We aimed to develop an ultrasonic characterization method (Nguyen et al., 2017) , which differs from previous studies in the way that it enables the direct evaluation of the pitch of inaccessible periodically rough surfaces from back side without immersing in the water. The pitch of periodic surfaces was successfully evaluated. However, the challenge is determination of the height of periodic surfaces. We now develop a new ultrasonic technique to directly evaluate not only the pitch but also the height of internal periodic surfaces. As a very first step, the periodically rough surfaces with triangular profile are mainly concerned in the present study.
Diffraction Grating from Periodic Surfaces
A simple approach to the diffraction grating of an incident monochromatic ultrasonic beam and a periodic triangular stress-free surface with assuming mode conversion is shown in Fig. 1 . The scattered wave has two components, the specular field and diffuse field in all directions along with different diffraction orders. An ultrasonic ray of wave velocity c i incident at an angle θ i is diffracted as ultrasonic wave velocity c d along an angle θ d , where the periodic triangular profile with the pitch d and the height h is assumed. Accordingly, various frequencies will diffract to different angular positions for each different angle of incidence. The potential diffraction maxima assuming mode conversion can be determined by the classical grating equation (Hutley,1982; Loewen and Povov, 1997; Palmer and Loewen, 2005) as Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej. where n = 1, 2, 3… is the order of diffraction, and f n is the frequency diffracted along n-th order.
In case of the diffraction grating at a non-zero angle of incidence  =  i =  d in a pulse-echo arrangement, Eq. (1) can be simplified as 2 sin
where c is both incident and reflected waves speeds which could be longitudinal (P) or shear (S) velocity. The relationship between frequency f n and wave-number k n of n-th diffracted order is given by
Then, equation (2) can be rewritten as
It can be obviously seen in Eq. (4) that the wave-number k n is a function only of the incidence angle and the pitch of surface profile. Meanwhile, the properties of material, particularly speaking in terms of wave velocities, are eliminated.
3. Two-dimensional Finite Difference Simulation 3.1 Numerical Model A grid-based finite difference two-dimensional ultrasonic wave propagation simulation software (Wave2000, CyberLogic) was employed for this study. As illustrated in Fig. 2 , a periodic roughness is introduced at the bottom surface of a rectangular model (150 × 75 mm) by using triangular profile with the pitch d in the range of 0.4 to 1.6 mm and the height h, which is set to have the ratio of h/d in the range of 0.1 to 0.7. The top, left, and right sides are taken as infinite boundary to prevent reflection. The model is assumed a homogenous isotropic elastic medium. Properties of the model's materials are taken from the material library embedded in the software, as detailed in Table 1 .
In the model, ultrasonic transducer is represented by a straight line (10 mm) and oriented to the rough surface at 30°, 45°, 60°, and 75° on the arc of radius R = 74 mm, meanwhile a normal incidence is applied for smooth surface. The waves reflected from the bottom surface are received by the same transducer in pulse-echo mode, (A) for the smooth surface is the reference signal, and (B) for the periodic rough surface is the signal to be analyzed. The grid size of 20 μm, the Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej. smallest grid size of the software, is used and the total simulation time is 40 µs for all cases. Generally, in numerical simulation, the Courant number is set first, and the time increment is calculated by the Courant number, grid size, and wave velocity. However, the time increment in Wave2000 software is automatically determined by grid size, wave velocity and time scale factor, this factor is kept to be constant and equal to 1. Therefore, the time increment and the Courant number for different materials are not constant in this paper and detailed in Table 1 . Wave2000 uses explicit solver for finite differential method, therefore, the Courant number should be typically equal or smaller than 1. In all numerical cases in this paper, the Courant number is in the range from 0.8 to 0.9. In this simulation, a longitudinal wave with sine Gaussian pulse
is emitted from the ultrasonic transducer, where the center frequency f = 4.5 MHz, the duration b = 5 μs, and time constant a = 0.1 μs. The transmitted wave and its frequency spectrum are shown in Fig. 3 . Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) Wave2000 is a grid-based finite difference method and the numerical model is constructed using pixels. Accordingly, when meshing of the rough surface considered in this paper, the inclined part should be jagged. This jagged part would cause numerical noises of high-frequency components. Therefore, the effects of element shape are investigated by numerical simulations, presented in Fig. 4 . The two models are set up with the same numerical conditions stated in this section. However, the smooth surfaces in the two models are meshed differently in the horizontal and 45° inclined directions, respectively. In the second model, the smooth surface was separated by the two different materials, type 304 of stainless steel and vacuum. Therefore, the inclined smooth surface in the second model is jagged; meanwhile, the one in the first model is perfectly smooth as shown in the exaggerated circle looks in Fig. 4 . The waves reflected from the smooth surfaces in both model are received by the same transducer in pulse-echo mode. Figure 5 shows the received waveforms for numerical simulations of model 1 and model 2. There is no difference between each waveforms received from the two numerical models. Therefore, it is believed that there is no problem if the triangle profile of the rough surface considered in this paper is constructed by using pixels as square elements. Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00585]
Numerical Results
Figure 6 shows time-domain signals (B) received by P-wave ultrasonic transducer at incidence angle of 60° for rough surfaces having d = 0.8 and 1.2 mm concerning the ratio h/d = 0.1, 0.3 and 0.5, respectively, for type 304 Stainless Steel (SUS304). The initial portion of the signals in all situations (around 2.5 μs) resembles the incident ultrasonic pulse. The model with rough surface has an associated "surface roughness signal" from 20 to 35 µs. When the surface becomes rougher, the intensity of such signals increases and becomes more complex as superimposing of multiple sinusoidal signals. These are due to combination of different diffraction orders. As discussed in our previous paper (Nguyen et al., 2017) , due to pulse-echo configuration, the transducer at large incidence angle, e.g. angles larger than 45º, mainly receives scattering waves. The reflected signal (A) from smooth surface of SUS304 by a normal incidence P-wave and its frequency spectrum are shown in Fig. 7 . Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00585]
Wave Number Analysis
A gate was used to extract the "surface roughness signal" to be processed. Two vertical dashed bars plotted in Fig. 6 indicate this gate (20 -35 µs). It should be noted that the reference signal (A) is also selected by the same gate position, as shown in Fig. 7 . This gate position was used throughout the numerical simulation for SUS304. For other materials, the gate position was changed to adapt with the "surface roughness signal", but the gate width was kept constant as 15 µs.
The extracted signals were converted from time domain into frequency domain by using the Fast Fourier Transform (FFT) algorithm. These spectrums were then transferred into wave number domain by using the relationship shown in Eq. (3). Finally, the wave number response function was obtained by normalizing the amplitude spectrum of the rough surface at oblique incidence with the one of smooth surface at normal incidence. Figure 8 shows the wave number response functions for P-wave incidence at angle of 60° and various rough surfaces of SUS304. These spectrum exhibits several sharp peaks, which are visible in the wave-number range from 1 to 10 rad/mm corresponding to the diffracted order n. It should be noted that the position of peaks is unchanged regardless of the gate width and the ratio of h/d. The wave numbers of these peaks are inversely proportional to the pitch d as expected Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej. in Eq. (4). For a given pitch d, the distribution of peak amplitudes is a function of only the ratio h/d.
In our previous paper (Nguyen et al., 2017) , it was confirmed that the peak frequencies are inversely proportional to the pitch d as shown in Eq.(2), therefore, the pitch d can be evaluated by submitting f n along with its diffracted order n into Eq. (2) with high accuracy. In this paper, it is also applicable to determine the pitch d by submitting the wave number k n along with its diffracted order n into Eq. (4).
The Master Curve for SUS304
According to the physical fundamental of diffraction grating, the first diffracted order in spectrum is widely applicable to processing analysis, because it leads to greatest free spectral ranges in order to avoid overlapping spectral orders of diffracted ultrasonic waves and cross dispersers. Therefore, the normalized amplitude of the first peak in wave number response function is considered in this paper. Figure 9 shows the amplitudes of the first peaks in the wave number response functions with respect to the ratio of h/d and pitch d for various incidence angles. It is interesting that the normalized amplitudes of first peaks at each value of h/d are almost the same regardless of the pitch d for all incidence angles. Therefore, one of these curves corresponding to a profile pitch d can be chosen as the "master curve" for each incidence angle. In this manner, the curves of d = 1 mm are selected to be the master curves shown as the black curves in Fig. 9 .
For each incidence angle, the master curve increases with positive slope until approaching the maxima, then decreases with negative slope. The positive slope of master curve is affected by the incidence angle. As the incidence angle increases, the positive slope decreases. The height h can be evaluated by the monotonic increase part of master curves. It can be observed that larger incidence angle has larger measurable range of the ratio of h/d. However, as the incidence angle increases, the intensity of received signals becomes smaller since effects of multiple scattering and shadowing are important (Nguyen et al., 2017) . Therefore, the resolution of measurement also becomes smaller. For a compromise between the measurable range and resolution of measurement, the master curve of 60º is the appropriate one among others. Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00585] Figure 10 shows the difference of the normalized amplitudes of first peaks comparing to the master curve of SUS304 for various incidence angles. It should be pointed out that for slightly rough surface, d = 0.4 and 0.6 mm, h/d = 0.1, at large angles of incidence 60º and 75º, the differences are relatively high. The reason is that for the slightly rough surface, the intensity of reflected signals in the backward direction are low at large incidence angle and the effects of multiple scattering and shadowing enhance as well, thus the differences greatly increase. In addition, for the case of h/d = 0.2 at 45º of incidence angle, the differences are suddenly increase with regard to the values of d larger than 1.2 mm, which is due to the effects of anomalies. Anomalies in the intensity of light diffracted from a grating were first observed by Wood (1902) . The intensity of light diffracted by a grating generally changed slowly as the wavelength was varied, but occasionally a sharp change in intensity was observed at certain wavelengths (Wood, 1935) . Generally, anomalies of different types as well as of the same type merge into each other, making it difficult to distinguish between them.
From the characters of master curves obtained in Figs. 9 and 10, incidence angle of 60º is chosen to create the master curve equation with the range of the ratio h/d from 0.2 to 0.5. It is quite common to use the generalized power law to describe the angular scattering wave intensity as reported by Matthew (2012). Therefore, the power fitting function is used to determine the master curve equation at the incidence angle 60º of SUS304 as follows ig. 10 Difference percentages of first peaks normalized amplitudes comparing to the master curve of SUS304 for various incidence angles.
Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00585] Figure 11 shows the master curves constructed in the numerical simulations with respect to the ratio of h/d and the distance D between the transducer and the back surface in the measurement at the incidence angle 60º for SUS304. It is interesting that the master curves are almost the same regardless of the distance D. Therefore, if the distance between the transducer and the back surface changes, the master curve does not have to be rebuilt.
General Master Curve for Homogenous Materials
It should be noted that Eq. (7) is only applicable to SUS304. Therefore, it is desired that a general master curve equation, which is applicable to many kinds of materials, is available. Figure 12 shows the master curves of various materials for 60º of incidence angle. This result reveals an exciting finding that these curves have the same tendency of monotonic increase when the ratio of h/d varies in the range of h/d from 0.2 to 0.5. Therefore, the general master curve can be constructed by using the master curve of SUS304 as a reference, to which other master curves can be shifted in the vertical axis with shifting factor corresponding to the ratio of h/d, namely, ∆A 1[Material] . This factor is given by
and the values are summarized in Fig. 13 . Furthermore, because the shifting factor ∆A 1 [Material] is almost constant for each material with respect to the increase of the ratio of h/d as seen in Fig 13, the average shifting factor of each material ∆Ᾱ 1 [Material] can be used to form a general master curve for various materials. In this study, the master curve of SUS304 was chosen to be the general master curve. The differences between the shifted master curves of various materials by using the corresponding average shifting factors and the general master curve are shown in Fig. 14 with the differences smaller than 1.5%.
In addition, we have attempted to find out whether there is a relationship between the average shifting factors and the material properties, for example, wave velocities, Poisson's ratio, Young's modulus, and so on, to provide the straightforward analytic expression for the general master curve equation. As a result, Fig. 15 shows a surprising observation that the average shifting factor is a function of only the Poisson's ratio ν, although the reason for this relationship cannot be explained yet. This finding is promising and should be explored with a suitable theory. Nevertheless, based on the feasibility of using the relationship between the average shifting factors and Poisson's ratio ν as shown in Fig. 15 , a curve fitting function of the plotted data is constructed. It is clear that the average shifting factors are linearly proportional to the Poisson's ratio ν, which is expressed by fitting equation as Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00585] Substituting Eqs. (8) and (9) 
Evaluation of Triangular Profile Parameters
When a broadband pulse is emitted from ultrasonic transducer at 60º of incidence angle, the wave number response function of the backscattered ultrasonic waves observes several diffracted sharp peaks. Then, the triangular profile parameters, namely, the pitch d and the height h, are determined by the first peak characteristics, which consist of the wave-number k 1 and normalized amplitude A 1 [Material] . The pitch d is evaluated by substituting k 1 into Eq. (4). Meanwhile, the height h is calculated by substituting both k 1 and A 1[Material] into Eq. (10). Figure 16 shows the wave-number response functions of received signals from periodic triangular surfaces having d = 0.6 mm, h = 0.12 mm and d = 1.2 mm, h = 0.36 mm obtained by using P-wave incident at 60º for some different Fig. 16 Wave number response functions obtained by using P-wave incident at 60º for different materials. Table 2 . For each surface, the number of peaks is the same and the peak wave numbers are unchanged regardless of different materials. By using the master curve technique, the pitch d is accurately measured in most cases with errors smaller than 1%. Meanwhile, the height h is evaluated with good accuracy; errors are lower than 5%, when it is in the range of h/d from 0.2 to 0.5. The present technique is applicable to various homogenous materials, namely, the size of microscopic structure is sufficiently smaller than the wavelength, for example metals, plastics, ceramics, and so on.
Experimental Verification 4.1 Specimens
To validate the master curve technique proposed in the previous section, experiments were performed. Figure 17 shows the geometrical shapes and sizes of two groups of specimen, namely, A and B, respectively. The periodic triangular profiles were manufactured on the bottom surface of specimens by a computer numerical control milling machine using a drilling cutter. The triangular profiles were corrugated to maintain a constant height only in the direction of the thickness. Meanwhile other surfaces of the specimens were smooth enough. Details of specimen design are summarized in Table 3 .
In each group of specimens, a specimen with smooth surface at the bottom, namely A0 and B0, respectively was used to normalize the response from the rough surface to that from a smooth surface. For specimens in group A, the angle of incidence can be arbitrarily changed on the round surface. However, the contact condition between the flat contact surface of transducer and the round surface of specimen made the received signal distorted and included noises. Hence, specimens of group B were designed to have flat contact surface oriented to the periodic triangular surfaces at the bottom with 60º to improve the contact condition.
The shape of periodic triangular profile of specimens A0, A1, A2, B0, B1, and B2 were measured with a profilometer machine (SV-624, Mitutoyo) that has 0.5 µm of resolution. Meanwhile, the one-shot 3D measuring macro-scope (VR-3100, Keyence), which has 23.636 µm (unit length of a pixel) of resolution measurement, was used for specimens A3 Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00585]
and B3. Based on the surface profiles obtained from measurement, the pitch d and the height h of all specimens were obtained as shown in Table 3 . These results are slightly different from the design values because the finish surfaces depend on various conditions in manufacturing process, such as vibration of system, properties of material, cutting speed, diameter of cutter, etc. For example, to make the flat specimens A0 and B0, at first the bottom surface was manufactured also by the milling machine using the drilling cutter, after that the polishing process was applied. That is why those specimens have values of the pitch d due to the pitch of drilling cutter in the milling process and the very small height h due to the shape of drilling cutter and the polishing process. However, the flat surfaces of specimens (A0 and B0) are smooth enough to be used as the reference flat surface in the proposed method. Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00585]
Ultrasonic Testing
The ultrasonic testing system, schematically displayed in Fig. 18 , was assembled around the pulser/receiver (5072PR, Olympus) functioned as a signal source in a pulse-echo configuration with diffracted signal received by the same transducer. The received signal was transferred to a 14-bit digitizer (PXI-5122, National Instruments), and finally stored in PC through the ExpressCard Interface.
P-and S-wave transducers (V109-RM and V155-RM, Panametrics, respectively) with 5 MHz of center frequency and 12.7 mm diameter were used in experiment. Appropriate ultrasonic couplants (Sonicoat BS-400, Taiyo Nippon Sanso Gas & Welding and GSONIC Couplant SH-H, GNES) for P-and S-wave, respectively were used to facilitate the ultrasonic waves into the specimen. According to Eq. (10), the Poisson's ratio of the material of the specimen should be known, and this ratio can be calculated from P-and S-wave velocities in the specimen. Therefore, S-wave transducer was used in the experiment of this paper only for the purpose of measuring the S-wave velocity in the specimen. Figure 19 shows received ultrasonic waveforms reflected from the smooth surfaces of specimens A0 and B0 by using P-wave at normal incidence. It should be noted that the amplitude of the frequency spectrum has been normalized to its maximum value, and peak frequency of each spectrum is indicated at 4.5 MHz. These frequency spectrums were used for normalizing the received signals from the rough surfaces by using P-wave for 60º of incidence angle.
In order to determine the P-and S-wave velocities in the specimen, a pulse-echo arrangement for each type of transducer, V109-RM and V115-RM, was depicted for the reflection of normal incident wave from the smooth surface. For a given thickness of specimen, the velocity of ultrasonic wave was determined from the interval time between the multiple echoes of received waveforms. The velocities of ultrasonic P-and S-wave for each material are summarized in Table 4 . The received signals are shown in Fig. 20 for all specimens scanned by P-wave at 60º of incidence angle. When the specimen surface is slightly rough (d = 0.2 mm of specimen A1), the amplitude of received signals are significantly small. As the surface become rougher, the intensity of signals increases and become more complex. The signals in the region 10 -40 µs were converted from time-domain into frequency-domain by using FFT algorithm. These frequency spectrums were then transferred to wave-number spectrums.
Experimental Results
Results of wave number analysis process are shown in Fig. 21 . It is unable to confirm peak for slightly rough surface of specimen A1. Meanwhile, for other specimens, dominant peaks can be observed. As reported in our previous paper (Nguyen et al., 2017) , wavelength plays an important role in the evaluation of the pitch. Only wavelengths that satisfy the condition of λ 1 ≤ 2d can be appropriate to measure the pitch d. Therefore, the optimal selection of wavelength should be carefully considered for slightly rough surfaces with small pitch.
The ultrasonically evaluated d and h by P-wave transducer are summarized in Table 5 . It is observed that the pitch d and h evaluated by the proposed master curve technique are sufficiently accurate for all specimens within 10% of errors. Therefore, it has been confirmed that the master curve technique in this study works well for P-wave with the measurable range of h/d from 0.2 to 0.5. Fig. 21 Wave-number response functions of the received signals obtained by using P-wave transducer at 60º of incidence angle. Nguyen, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00585]
However, the attenuation of material is not taken into account in this paper. Different materials and even the same materials with different grain size can have different attenuation characteristics, which are generally frequencydependent. For slightly rough surfaces, higher frequency waves are recommended. However, higher frequency waves could cause higher attenuation. This will lead to errors in practical inspections. Therefore, the question arises using high frequency is an effective way for evaluation. In the viewpoint of frequency or wavelength, higher frequency or shorter wavelength is more sensitive with slightly rough surfaces. Meanwhile, in the viewpoint of the signal to noise ratio, S/N ratio, high frequency or shorter wavelength has greater attenuation and causes lower S/N ratio. These two points of view have opposite influences. Therefore, optimization of frequency should be carefully considered depending on purposes of measurements. Those are why frequencies larger than 10 MHz usually are not used for ultrasonic testing. For some special cases, higher frequency can be used but the maximum frequency is 100 MHz. In this study, the suitable frequency was considered so that the attenuation is ignorable. This is the limitation of the proposed method in real case.
Furthermore, the developed master curve technique is applicable to homogeneous materials, namely, the size of microscopic structure is sufficiently smaller than the wavelength. Therefore, the present technique can be applied to not only metallic materials but also plastics, ceramics, and so on. However, the present technique cannot be applied to composites because composites are inhomogeneous, namely, the size of microscopic structure is comparable to the wavelengths, which causes wave diffractions and scatters inside the media.
Conclusions
In this paper, an ultrasonic pulse-echo technique for evaluating not only the pitch but also the height of inaccessible surface having periodic triangular profile from back side has been developed. The wave number response function was considered by normalizing the amplitude spectrum of the rough surface at oblique incidence with the one of smooth surface at normal incidence. Primary findings are as follows:
(1) The pitch can be evaluated accurately from the wave number of the first peak of the wave number response function as in the previous paper.
(2) A master curve equation for a specific material can be constructed to represent the relationship between the first peak value of the wave number response function and the height-to-pitch ratio of the surface profile regardless of the pitch. It is noted that 60º of incident angle for P-wave should be used for the development of the master curve equation to compromise between the resolution of measurement and the measurable range of the height-to-pitch ratio from 0.2 to 0.5.
(3) The master curves are almost the same regardless of the distance D between the transducer and the back surface. (4) A general master curve equation applicable to different materials can be constructed only by shifting each master curve for a specific material by an amount determined by only Poisson's ratio of the material.
(5) The general master curve equation has been proved valid for evaluating the height of periodic triangular profile with sufficient accuracy. It is noted that the wavelength of P-wave should be smaller than twice of the pitch for slightly rough surfaces.
(6) The developed master curve technique is applicable to homogeneous materials, namely, the size of microscopic structure is sufficiently smaller than the wavelength. However, the present technique cannot be applied to inhomogeneous materials, namely, the size of microscopic structure is comparable to the wavelengths, which causes wave diffractions and scatters inside the media.
In this paper, the internal surfaces having periodic triangular profile with known direction of the height distribution has been concerned to develop the master curve equation. However, the proposed technique has a possibility to be applied for other periodic profiles. In addition, the attenuation of material, different frequency and different beam width were not taken into account in this study. Therefore, further research should be conducted. In addition, an important question for future studies is to explain the linearly proportional relationship between the average shifting factor and Poison's ratio.
